show different ecological preferences and significant prezygotic reproductive isolation. They are defined by fixed sequence differences in X-linked rDNA, but most previous studies have failed to detect large and significant differentiation between these taxa elsewhere in the genome, except at two other loci on the X chromosome near the rDNA locus. Hypothesizing that this pericentromeric region of the X chromosome may be accumulating differences faster than other regions of the genome, we explored the pattern and extent of differentiation between A. gambiae incipient species and a sibling species A. arabiensis from Burkina Faso, West Africa at 17 microsatellite loci spanning the X chromosome.
INTRODUCTION
Although the concept of species continues to inspire debate, all models of the process of speciation involve a reduction in gene flow between lineages. In the classic case of allopatric speciation, gene flow is eliminated completely because of a geographic barrier. As long as this barrier remains, isolated populations are subject to differentiation across the entire genome (MAYR 1963) .
As a consequence, genetic changes underlying differential adaptation, reproductive isolation and speciation are difficult to distinguish from accumulated neutral changes. By contrast, sympatric speciation may proceed despite incomplete barriers to gene flow (WU 2001) . Emerging ecological differentiation between incipient species may be associated with premating behavioral differences that limit gene flow without altogether preventing it. In the absence of selection against genetic introgression, the incipient species should fuse. However, early in the speciation process selection may act only on regions of the genome directly involved in divergent ecological adaptations and mating behaviors, barring the introgression of these regions without impeding exchange of the remainder of the genome. This model has led to the prediction that nascent species may have mosaic genomes comprised of highly differentiated and undifferentiated regions (WU 2001; GENTILE et al. 2002; MACHADO et al. 2002) . It also predicts that "speciation genes"-those genes directly responsible for reproductive or ecological incompatibilities-will be found in regions of the genome that are unusually diverged between incipient species. Identification of these genes and an appreciation of their function at molecular, cellular and organismal levels will improve our understanding of the speciation process.
Within the Anopheles gambiae complex-a cluster of seven isomorphic and closely related mosquito species from Africa-the nominal species A. gambiae has evolved into the principal vector of human malaria by specializing on humans (COLUZZI et al. 2002) . It rests indoors, bloodfeeds almost exclusively on humans, and breeds in anthropogenic sites. Moreover, A. gambiae is subject to an ongoing speciation process which continues to have a major impact on the epidemiology of malaria (DELLA TORRE et al. 2002) . Nascent species within A. gambiae are continuing to specialize as they shift into new habitats, particularly those habitats created by human activity such as irrigated agricultural sites. This ecological specialization is allowing temporal and spatial range expansion of an already highly anthropophilic vector, resulting in increased malaria transmission.
Discovery of the relevant ecological cues used by these incipient species to partition their environment may lead to targeted vector control strategies aimed at disrupting specific associations.
Before the advent of DNA markers, reproductive and ecological discontinuities within A. gambiae from West Africa were recognized by sets of polymorphic inversions on chromosome-2, mainly its right arm (2R) (TOURE et al. 1998) . Inversion frequencies considered jointly reflected large heterozygote deficits within samples from the same localities. The expected genotypic proportions eventually were recovered only when the existence of five chromosomally differentiated and reproductively isolated taxa referred to as "chromosomal forms" was postulated (COLUZZI et al. 1985) . These included the Savanna chromosomal form found throughout tropical Africa and the Mopti chromosomal form found only in West Africa, where both forms are extensively sympatric. In the Sudan-Savanna ecoclimatic zone, the Savanna form breeds only in the rainy season, exploiting rain-dependent pools and puddles for oviposition, whereas the Mopti form can tolerate more arid conditions and is associated with irrigated sites such as ricefields that allow breeding into the dry season. In 1997, the first molecular discontinuities within A. gambiae were discovered in a region of the genome independent of chromosome-2 inversions: the pericentromeric (proximal) end of the acrocentric X chromosome, in the ribosomal DNA (rDNA) (FAVIA et al. 1997) . On the basis of fixed differences in the rDNA and very infrequent hybrid rDNA genotypes in nature, two "molecular forms" of A. gambiae were defined and provisionally named M and S (DELLA TORRE et al. 2001) . Although the correspondence does not hold across all of West Africa, in Burkina Faso where only the Savanna and Mopti chromosomal forms of A. gambiae are present, molecular forms M and S correspond to chromosomal forms Mopti and Savanna, respectively. Where M and S are sympatric and synchronously breeding, there is strong assortative mating, but premating barriers are incomplete. A survey from Mali found that ~1% of females had mated with males of the other form (TRIPET et al. 2001) . Taken together, these data suggest that M and S are emerging species (DELLA TORRE et al. 2002) .
Recent common ancestry and small amounts of ongoing gene flow are likely explanations for the failure of previous genome-wide surveys to find genetic differentiation between M and S at most loci ( LANZARO et al. 1998; GENTILE et al. 2001; MUKABAYIRE et al. 2001; WANG et al. 2001; LEHMANN et al. 2003; but see WONDJI et al. 2002) . Aside from the rDNA locus, only three loci have been found that are divergent between the two forms. One is a sodium channel gene near the tip of chromosome 2L (GENTILE et al. 2004, and refs therein) . The other two, H678 and E614, are microsatellite loci located on the X chromosome near the centromere. Significant divergence at locus H678 was found not only between allopatric populations of M from Ghana and S from Gabon, but also between sympatric M and S populations from Mali and the Democratic Republic of Congo ( WANG et al. 2001; LEHMANN et al. 2003) . Locus E614 also revealed a high level of differentiation between M and S in Mali (WANG et al. 2001) . Thus, three of four loci at which significant differentiation has been found are X-linked, and physically located proximal to the centromere in divisions 5-6.
The apparently over-representation of X-linked loci associated with differentiation between incipient species of A. gambiae recalls the "large X effect" noted in hybrids of A. gambiae and its sibling species A. arabiensis, and in other insects and birds, whereby morphological, physiological and behavioral differences between species map to the X chromosome more often than expected by chance (CURTIS 1982; SPERLING 1994; PROWELL 1998; SAETRE et al. 2003; COUNTERMAN et al. 2004; SLOTMAN et al. 2004) . It has been suggested that X-linked differences-especially those controlling pre-and postzygotic isolation-tend to be associated with the species boundary (SPERLING 1994) . If so, the loci underlying these differences, along with other loci tightly linked to them, should be refractory to introgression and should show unusually high levels of differentiation between closely related or incipient species despite some gene exchange. If the observed differentiation at rDNA, H678 and E614
represents a large X effect in A. gambiae, these markers may be linked to one or more loci underlying species differences. We predicted that a multilocus scan of the X chromosome using microsatellite markers should reveal additional divergent loci near the proximal end of the X chromosome. Accordingly, the present study had two objectives. First, we sought to confirm and extend the preliminary observations by documenting levels of differentiation between molecular forms at multiple loci in divisions 5-6. Second, we wanted to measure the pattern and physical extent of differentiation along the length of the X, from proximal to distal. To achieve these objectives, we compared microsatellite variation at 17 loci on the X chromosome in sympatric populations of A. gambiae M and S, and a sibling species A. arabiensis from Burkina Faso.
MATERIALS AND METHODS

DNA samples:
Indoor resting A. gambiae s.l. mosquitoes were collected by pyrethrum spray catches in September 2001 in Goundri village (12°30′N, 12°0′W), Burkina Faso, West Africa (for detailed description, see COSTANTINI et al. 1996) . In this village, the morphologically indistinguishable species A. gambiae (M and S) and A. arabiensis are sympatric and often are present within the same samples. All specimens were placed in tubes and preserved at room temperature over desiccant. With the eventual goal of directly sequencing sexlinked loci, DNA was isolated from individual male specimens using DNeasy Tissue Kits (Qiagen Inc., Valencia CA) or the Wizard SV 96 Genomic DNA Purification System (Promega Corp., Madison WI) and resuspended in 50 µl of eluent buffer. Mosquitoes were identified to species and molecular form using a PCR-RFLP (restriction fragment length polymorphism) assay based on ribosomal DNA (FANELLO et al. 2002) .
Microsatellites:
Microsatellite markers used in this study (Table 1) were previously described ( ZHENG et al. 1993; LEHMANN et al. 1996; ZHENG et al. 1996) or were developed by us using the Ensembl A. gambiae genome assembly. Candidates were chosen based on physical location, number of repeats (at least ten consecutive di-or trinucleotide repeats where possible), and unique flanking sequence. Primers to amplify across the microsatellite were designed using Primer3 (ROZEN and SKALETSKY 2000) . The locus was considered unique if queries of the genome using local BLAST yielded no non-self hits. Queries consisted of 200 nucleotides of flanking sequence on each side; individual primers were also used as queries. Initially, unlabeled primers were tested with genomic DNA to verify robust PCR amplification of products in the expected size range. For primer pairs that performed reliably, the forward primer was labeled using Beckman-Coulter dyes (D2, D3 and D4; Invitrogen Corp., Carlsbad, CA). (SLATKIN 1995) , and the lnRV and lnRH test statistics were calculated based on variance in repeat number and gene diversity, respectively, following Kauer et al. (KAUER et al. 2003) . To allow the calculation of these statistics in those few cases where variance in repeat number and gene diversity were zero, one allele was replaced by one dummy 
RESULTS
Genotypes at 17 microsatellite loci spanning the X chromosome were determined from a total of 150 randomly selected A. gambiae M, S and A. arabiensis collected in Goundri village, Burkina Faso (Fig 1, Supplementary   Table 1 ). Most loci in divisions 5-6 on the cytogenetic map (COLUZZI et al. 2002) were designed specifically for this study using the A. gambiae genome sequence (HOLT et al. 2002) . For ease of reference, we adopted the naming convention AgXND (A. gambiae, X chromosome, Notre Dame) followed by the cytological location (e.g., 5C) and a unique number. Robust, specific amplification was obtained for 10 of 13 new loci. Because we used males which are hemizygous for the X chromosome, non-amplifying (presumed null) alleles at a locus were readily apparent (Supplementary Table 2 ). All 17 loci amplified for most M and S individuals. The overall frequency of null alleles was 5-6%, but this estimate includes locus AgXH36, at which rates were 24% and 31%, respectively.
Omitting this locus, the frequency of null alleles in M and S samples dropped below 5%. In A. arabiensis, AgXH36 failed to amplify for all specimens, and four other loci (AgXND5C1, AgXND5C2, AgXH503, AgXH678) had high rates of null alleles (35-63%), but the mean rate of null alleles for the remaining 12 loci was <4%.
Polymorphism: Although generally abundant, polymorphism within each sample varied by locus from little or none to extremely high (Supplementary Table 2 ). In M and S samples, the average number of alleles per locus was ~9 Histograms of allelic frequencies revealed strikingly different patterns of polymorphism among loci. These ranged from broad and shallow distributions representing many low frequency alleles at AgXH503, AgXND5B2 and AgXND6U4 to narrow and strongly peaked distributions representing one or few high frequency alleles at loci such as AgXH766 (Fig 2) . At those loci where A. gambiae M and S samples contained many low frequency alleles (e.g., AgXH503, AgXH99, AgX1D1, AgXND5C1, AgXND5C2), the A. arabiensis sample was either monomorphic or nearly so. The opposite pattern was found at AgXH766, where diversity was much lower in A. gambiae than in A. arabiensis.
Both patterns are especially noteworthy given that these sibling species likely share similar or identical repeat structure at corresponding loci. These patterns were observed at loci with few or no null alleles, suggesting that this trend is independent of null allele effects. gambiae is rare, but resulting F1 female progeny are fertile and can mediate genetic introgression between these species. The X chromosome of each species is fixed for independent sets of compound inversions that encompass much of its length. In the F1 hybrid female, the heterologous X chromosomes synapse only rarely, and only in the division 6 region containing the centromere (DAVIDSON et al. 1967; WHITE 1971) . Laboratory crossing experiments have shown that in subsequent backcross generations the heterologous X is rapidly lost (DELLA TORRE et al. 1997) . Thus, despite evidence for interspecific gene flow of mitochondrial and autosomal sequences (BESANSKY et al. 2003) , trafficking of X chromosome sequences should be quite rare or non-existent, particularly outside of division 6 heterochromatin.
Examination of allelic frequency histograms (Fig 2) Table 1 ). With few exceptions, these indicated moderate or high differentiation along the length of the X chromosome, including division 6. By contrast, no significant differentiation between M and S was noted on the X chromosome for the eight loci distal to AgXND5B2 (Table 1) gambiae. Inspection of the allele frequency histograms shows that allele sharing between M and S is greatly reduced in this region, especially at AgXH678 and AgXND6U3; at the most proximal locus in this survey, AgXND6U4, M and S share no alleles despite very high allelic diversity (Fig 2) .
Two different clustering procedures were performed on these data to explore the correspondence of population structure with taxonomic designations.
First, a matrix of pairwise distances based on the proportion of shared alleles was used to construct an unrooted neighbor-joining tree (Fig 3) . All A. arabiensis A second, model-based clustering approach employed multilocus genotype data in a Bayesian framework (PRITCHARD et al. 2000) . Given K population(s) characterized by a set of allele frequencies at each locus, individuals are assigned probabilistically to one or more populations, depending upon the inferred level of admixture. Exploring K=1 through 5 over five replicates revealed that three populations were most likely (Fig 4) Selection: Divergence between species, incipient species or populations in response to demographic factors results from random processes that act on all loci within a taxon. Even limited amounts of gene flow between taxa can preclude divergence at loci that lack fitness effects. Divergence associated with habitat specialization or premating isolation is likely the result of selection acting at a locus or combinations of interacting loci. In the face of genetic exchange, divergence is not expected at loci whose selective advantage is universal, but only at those loci whose beneficial effects are limited to the particular environment or genetic background characteristic of one taxon (BARTON and GALE 1993) . In principle, a multilocus scan can identify genomic regions likely to contain these private beneficial mutations (HARR et al. 2002) . A footprint is created when a newly arisen beneficial mutation increases in frequency within a population, carrying with it flanking neutral variants ("hitchhiking") and resulting in a chromosomal region initially devoid of polymorphism ("selective sweep").
Before the footprint of selection decays as a function of recombination, mutation and strength of selection, it should be manifest at nearby neutral marker loci that are relatively devoid of polymorphism within a taxon, and relatively highly diverged between taxa.
The measures LnRV and LnRH were developed to assist the identification of recent selective sweeps in multilocus genome scans of pairs of taxa ("hitchhiking mapping") (KAUER et al. 2003; SCHLOTTERER 2002) . LnRV and LnRH are relative measures of variability between two taxa, based on variance in repeat length or gene diversity, respectively. For each locus, the natural logarithm of the ratio of variation is calculated, resulting in a measure that is relatively insensitive to demographic events and different microsatellite mutation rates among loci (SCHLOTTERER 2002) . Outlier loci are identified as those differing significantly in variability from the remainder of the genome under the assumption (supported by simulation studies) that LnRV and LnRH values are normally distributed (KAUER et al. 2003; SCHLOTTERER 2002) . It has been noted that LnRH is the more powerful indicator because it has lower variance, but considering LnRV together with LnRH reduces false positives (KAUER et al. 2003) . Table 1 (Table 1) .
DISCUSSION
The incipient species A. gambiae M and S are defined in practice by fixed sequence differences at a single pericentromeric locus on the X chromosome, the rDNA. This has stimulated an extended debate about taxonomic status and has raised more profound questions about whether these taxa are on independent evolutionary trajectories, given that available evidence from other regions of the genome has generally revealed little or no differentiation between A. gambiae M and S (GENTILE et al. 2002; DELLA TORRE et al. 2002) . Notable exceptions include two X-linked microsatellite loci near the rDNA ( WANG et al. 2001; LEHMANN et al. 2003) , where exceptionally high levels of differentiation were recorded. Despite the absence of genome-wide genetic differentiation, M and S are nevertheless associated with distinct ecological settings and are isolated by significant, though incomplete, premating reproductive barriers (DELLA TORRE et al. 2002; TRIPET et al. 2001) . These data led us to hypothesize a "large X effect", a phenomenon noted in other examples of newly emerging species whereby differences are found disproportionately often on the X chromosome.
Consistent with this hypothesis, at eight of nine microsatellite loci spanning more than 5 megabases (Mb) at the proximal end of the X chromosome, we found levels of divergence that were among the largest ever recorded between M and S. In contrast, genetic distances at eight microsatellite loci distal to this region were not significantly different from zero.
The large X effect hypothesis assumes the existence of speciation genes on the X chromosome responsible for ecological and/or behavioral adaptations that affect mate choice, but it cannot by itself explain the disjunct distribution of differentiated and undifferentiated loci observed in this study. In the absence of counteracting forces, any genetic exchange between M and S on the X chromosome would lead to homogenization. Protection from recombination and by selection could facilitate the persistence of a differentiated region in the face of gene flow. By preventing recombination between alternative arrangements in closely related or emerging species, paracentric chromosomal inversions may contribute to the speciation process (Noor et al. 2001; Rieseberg 2001 ). The X chromosomes of A. gambiae and A. arabiensis are fixed for different inversions that may contribute to the large X effect noted between them (SLOTMAN et al. 2004) . No X chromosome inversions, detectable at the cytological level, distinguish M and S. However, recombination is generally suppressed near centromeres. Moderate levels of recombination occur along most of the X chromosome of A. gambiae (ZHENG et al. 1996) , but no estimates of recombination are yet available for the pericentromeric region proximal to AgXH678. We tentatively suggest that reduced recombination may at least partially explain the clustering of strikingly differentiated loci at the proximal end of the X chromosome.
The pattern of high differentiation proximally, but little or no differentiation distally on the X chromosome in M and S is difficult to explain through the action of demographic forces alone. If selection and/or suppressed recombination are responsible for heightened differentiation, a footprint of linkage disequilibrium and reduced allelic diversity is expected. Although the strongly peaked allelic distributions of S at AgXND5C2 and AgXND6U3, and of M at AgXH678 and AgXND6U2, are suggestive of selective sweeps (Fig 2) , the expected footprint was weak or nonexistent. The ability to detect these footprints diminishes with time, as recombination events and new microsatellite mutations break up allelic associations and restore allelic diversity. It is possible that the A. gambiae microsatellite mutation rate may be too high to detect any but the most recent selective sweeps. The upper bound estimate of average mutation rate for dinucleotide microsatellites in this species is similar to the estimate in Drosophila melanogaster, ~3 x 10 -5 (LEHMANN et al. 1998; SCHUG et al. 1998) . As the nucleotide mutation rate is several orders of magnitude lower, SNP genotyping and DNA sequencing, underway in our laboratory, will increase the power to detect older selective sweeps.
Heightened differentiation observed between M and S at the base of the X chromosome is unlikely to be the result of local selection in Burkina Faso, nor is it likely to be limited to this one class of markers. Locus AgXH678 was surveyed previously outside of Burkina Faso: Mali to the north, Ghana to the south, Gabon and the Democratic Republic of Congo to the distant southeast WANG et al. 2001) . The allelic distributions observed within M and S and the large genetic distance estimates between them are remarkably similar to our Burkina Faso study population across these locales. Additionally, we have fixed chromosomal inversion differences and fixed sequence differences in the rDNA. Interestingly, the two diagnostic characters make sharply contrasting predictions about the phylogenetic relationship between these species and their siblings in the A. gambiae species complex. Resolution of the conflict between these characters requires invoking introgression of portions of the X chromosome; available data favor the hypothesis that it was the rDNA locus that was introgressed between species (GARCIA et al. 1996; DELLA TORRE et al. 1997) .
This is consistent with the observation that rare synapsis between heterologous X chromosomes in female F1 hybrids of A. gambiae and A. arabiensis has been observed only at the proximal end of the X chromosome in the vicinity of the rDNA (DAVIDSON et al. 1967; WHITE 1971) . These data led us to predict that differentiation between A. arabiensis and A. gambiae would be reduced in the pericentromeric region of the X chromosome. In fact, the data do not support this prediction. A. arabiensis is differentiated from both M and S at microsatellite loci along the entire length of the X chromosome. There remains strong differentiation even where allelic distributions apparently overlap. Particularly instructive are the distributions observed at AgXND6U3 and AgXND6U4, because despite the apparent overlap, close inspection reveals that the allele series are offset between taxa (Fig 2) . At the first locus, while most alleles differ in size by multiples of two, the series is even in A. arabiensis and odd in M. At the second locus, most alleles differ in size by multiples of three, but the sizes are "out of register" (e.g., …174-177-180… in A. arabiensis and …176-179-182… in M). Although there are a small number of noncanonical alleles in these taxa that could have been introgressed, sequence analysis revealed that they are more closely related to other alleles within the same taxon (not shown).
Also surprising was the lower diversity in A. arabiensis. This can be seen most clearly in Fig 2 from the smaller number of alleles and very strongly peaked distributions (occasional monomorphism) at many loci. Because A. arabiensis and A. gambiae are sibling species, it seems unlikely that different mutation rates could explain the difference. The population genetics of A. arabiensis is relatively poorly studied, so it can only be speculated that it has a smaller effective population size than A. gambiae in this part of Africa. However, even in the driest parts of West Africa that remain hospitable for this species, indirect genetic methods ruled out severe population bottlenecks between short annual rainy seasons (TAYLOR et al. 1993; SIMARD et al. 2000) . Moreover, significant linkage disequilibrium was only detected between a pair of loci in 1C and 5B.
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